Peptidyl-prolyl cis/trans isomerases (PPIases) catalyze the rate-limiting protein folding step at peptidyl bonds preceding proline residues and were found to be involved in several biological processes, including gene expression, signal transduction, and protein secretion. Representative enzymes were found in almost all sequenced genomes, including Corynebacterium glutamicum, a facultative anaerobic Gram-positive and industrial workhorse for the production of amino acids. In C. glutamicum, a predicted single-domain FK-506 (tacrolimus) binding protein (FKBP)-type PPIase (FkpA) is encoded directly downstream of gltA, which encodes citrate synthase (CS). This gene cluster is also present in other Actinobacteria. Here we carried out in vitro and in vivo experiments to study the function and influence of predicted FkpA in C. glutamicum. In vitro, FkpA indeed shows typical PPIase activity with artificial substrates and is inhibited by FK-506. Furthermore, FkpA delays the aggregation of CS, which is also inhibited by FK-506. Surprisingly, FkpA has a positive effect on the activity and temperature range of CS in vitro. Deletion of fkpA causes a 50% reduced biomass yield compared to that of the wild type when grown at 37°C, whereas there is only a 10% reduced biomass yield at the optimal growth temperature of 30°C accompanied by accumulation of 7 mM L-glutamate and 22 mM 2-oxoglutarate. Thus, FkpA may be exploited for improved product formation in biotechnical processes. Comparative transcriptome analysis revealed 69 genes which exhibit >2-fold mRNA level changes in C. glutamicum ⌬fkpA, giving insight into the transcriptional response upon mild heat stress when FkpA is absent.
T
he soil microorganism Corynebacterium glutamicum is widely used in large-scale industrial processes to produce the flavorenhancing amino acid L-glutamate and the feed additive L-lysine (2,900,000 and 1,950,000 tons/year; Ajinomoto). C. glutamicum, which grows on a variety of carbon sources, also has the potential for the production of several organic acids and other commercially interesting compounds (see, for example, references 1, 2, and 3 and references therein). Parameters such as hyperoptimal temperatures and osmotic stress play an important role in biotechnical processes (4, 5) . The optimum growth temperature of C. glutamicum is about 30°C to 33°C, although it is able to grow at temperatures ranging from 15°C to 40°C (6) . As a soil organism, C. glutamicum is able to adapt to fast-changing conditions, including pH (7) , salinity (8) , and also temperature. Adaptation mechanisms of C. glutamicum toward nonoptimal growth temperatures include the heat shock response induced at temperatures above 40°C (9) (10) (11) and the cold shock response induced below 20°C (12) , both involving distinct sets of chaperones.
Adaptation mechanisms of cells toward temperature, including the responses to heat shock and cold shock as well as protein chaperones, have been reviewed many times in several model systems (see, for example, references 13-15, and 16) . Beside chaperones, temperature adaptation mechanisms in cells may also include peptidyl-prolyl cis/trans isomerases (PPIases). PPIases accelerate cis/trans isomerization of peptidyl-prolyl bonds (17) . Generally, peptide bonds allow two conformations of the side chains of two consecutive amino acids, cis and trans. In most peptide bonds, the trans conformer is energetically favored over the cis conformer, because of the steric hindrance of the two side chains (17, 18) . In contrast, in peptidyl-prolyl bonds, the levels of steric hindrance in the two isomers are similar due to the unique structure of proline, which is an imino acid where the ␣-amino group is part of the side chain forming a pyrrolidine ring. While cis conformation in most peptide bonds is very rare, there is a far higher incidence in peptidyl-prolyl bonds, which also have a lower activation energy barrier for the cis/trans isomerization catalyzed by PPIases (17, 18) .
Since the first reports of enzyme-driven cis/trans isomerization of peptidyl-prolyl bonds in the 1980s, PPIases have been found to be present in almost all sequenced genomes and to be involved in a plethora of biological processes, such as gene expression, signal transduction, protein secretion, and development (17, 19) . Typically, PPIases are classified into three distinct families reflecting their biochemical properties of binding to distinct inhibitor molecules (17, 20, 21) . FK-506 binding proteins (FKBPs) are inhibited by the macrolide FK-506 (tacrolimus), cyclophilins are inhibited by undecapeptide cyclosporine (CsA) and sanglifehrin, and parvulins are inhibited by the small 1,4-naphthoquinone derivative juglone (17, 20, 22) . FK-506 and cyclosporine exhibit immunosuppressive properties. Therefore, studies of eukaryotic PPIases have been driven mainly by their potential in therapeutic applications in human medicine (17, 20) . In contrast, studies of bacterial PPIases focused more on the maturation of proteins during translation and secretion.
In prokaryotes, many PPIases have been investigated in vitro, and only in a few cases have phenotypes of PPIase deletion strains been reported (17) . Growth of Legionella pneumophila at low temperature is supported by PPIase PpiB, and mutants lacking ppiB exhibited reduced growth at 17°C (23) . In Bacillus subtilis, the combined deletion of ppiB and tig, encoding a cytosolic PPIase and the ribosome-associated trigger factor, led to a severe growth defect under starvation conditions (24) . Ribosome-associated trigger factors are discussed to play a role in the folding of nascent peptide chains and as an assembly factor for large protein complexes and ribosomes (25, 26) . In Escherichia coli, SurA and PpiD, encoding a periplasmic PPIase and an inner membrane-anchored periplasmic folding factor, together were found to play a role in the proper folding of outer membrane proteins (OMPs) and many newly translocated proteins (27, 28) , affecting the survival rate in the stationary growth phase and virulence (29) . The membranebound FkpA from E. coli carrying the pColBM plasmid was reported to be involved in the refolding of colicin M in the periplasm and is thus involved in its toxicity (30) . Inactivation of FkpA in Salmonella enterica serovar Typhimurium reduced its survival rate in epithelial cells and macrophages (31) . Despite these observations, a comprehensive view of the specific roles in cellular physiology and the targets of prokaryotic PPIases is still far away, and further understanding is also needed from an industrial or applied point of view.
In the genome of C. glutamicum ATCC 13032, three genes are annotated to encode PPIases (cg0048, cg0950, and cg1857) and one gene is annotated to encode a trigger factor (cg2647) (32) . Two PPIases are annotated as cyclophilins, a cytosolic one (Cg0048) and a membrane-bound one (Cg1857) (33) . The third one is annotated as FKBP-type PPIase FkpA (Cg0950). The encoding gene, fkpA, is localized downstream next to gltA, encoding citrate synthase (CS), which may indicate a physiological link. Due to the high relevance of CS in C. glutamicum for growth and amino acid production (34), we here investigated FkpA. In vitro experiments using purified FkpA were conducted for the characterization of its activity as a PPIase and its influence on CS. We show that in vitro, FkpA delays the thermal aggregation of CS and broadens the temperature range of CS activity. A temperature-sensitive growth phenotype of C. glutamicum ⌬fkpA could be restored by plasmidbased expression of fkpA. In vivo data suggest that CS is not the limiting factor under this condition.
MATERIALS AND METHODS
Strains, media, and cultivation conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . As a defined medium for C. glutamicum, MOPS (morpholinepropanesulfonic acid)-buffered CGXII medium (35) containing either 2% (wt/vol) potassium acetate or 4% (wt/vol) glucose was used. C. glutamicum was grown at given temperatures (see Results) in 50 ml medium in 500-ml baffled Erlenmeyer flasks on a rotary shaker at 120 rpm. Growth was followed by measuring the optical density at 600 nm (OD 600 ). If appropriate, kanamycin was added to a final concentration of 25 g/ml. Growth rates and maximal OD values were determined from three biological replicates. E. coli BL21 (DE3) was used for the heterologous production of FkpA and citrate synthase from C. glutamicum. Modifications of strains with plasmids were performed as described previously (36) .
Recombinant DNA work. Oligonucleotides used for recombinant work (Table 2) were obtained from Eurofins MWG Operon (Ebersberg, Germany). For construction of a defined in-frame deletion of fkpA (cg0950) in C. glutamicum JVO1, oligonucleotides fkpA-1/fkpA-2 and fkpA-3/fkpA-4 were used for amplification of the up-and downstream regions of fkpA. The two PCR products were fused by overlap extension PCR with oligonucleotides fkpA-1/fkpA-4, and the resulting DNA fragment was cloned into pK19mobsacB for the homologous recombination steps described elsewhere (37) . Then, kanamycin-sensitive and saccharose-resistant clones were analyzed by colony PCR using oligonucleotides fkpA-up/fkpA-down. For a clone showing the desired deletion, the PCR product was sequenced and the deletion of fkpA was confirmed. The resulting strain was termed C. glutamicum JVO1 ⌬fkpA. Plasmid pET22b-fkpA for the expression and purification of C-terminally His 6 -tagged FkpA was constructed using oligonucleotides fkpA-Hisfw/fkpA-His-rv introducing NcoI and XhoI sites. Plasmid pAN6-fkpA for the expression and purification of C-terminally Strep-tagged FkpA was constructed using oligonucleotides fkpA-fw/fkpA-rv introducing NdeI and NheI sites. Plasmid pAN6-gltA for the expression of citrate synthase from C. glutamicum was constructed using oligonucleotides gltA-NdeIfw/gltA-NheI-rv.
Production and purification of FkpA and citrate synthase. Plasmids pET22b-fkpA, pAN6-fkpA, and pQE30-gltA were used for the production of C-terminally His 6 -tagged FkpA, C-terminally Strep-tagged FkpA, and N-terminally His 6 -tagged citrate synthase (CS) proteins. For production of tagged FkpA proteins, E. coli BL21(DE3)/pET22b-fkpA and E. coli BL21(DE3)/pAN6-fkpA were generated and cultivated in LB medium at 25°C to an OD 600 of 0.5. Expression of FkpA was induced by the addition of 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), followed by incubation at 25°C for 4 h. Cells were then centrifuged and washed in 0.9% NaCl solution. His 6 -tagged FkpA was isolated using Ni-nitrilotriacetic acid (NTA) Superflow (Qiagen, Hilden, Germany). Strep-tagged FkpA was isolated using Strep-Tactin Sepharose chromatography (IBA, Göttin-gen, Germany). For production of CS, E. coli BL21(DE3)/pQE30-gltA was cultivated in LB medium at 37°C to an OD 600 of 0.5. Expression of gltA was induced by the addition of 0.5 mM IPTG, followed by incubation at 30°C for 4 h. Cells were then centrifuged and washed in a 0.9% NaCl solution. CS was isolated using Ni-NTA Superflow affinity chromatography (Qiagen, Hilden, Germany). The purity of isolated protein was assessed by SDS-PAGE (Invitrogen, Carlsbad, CA), followed by protein identity confirmation using MALDI-TOF MS (matrix-assisted laser desorption ionization-time of flight mass spectrometry) analysis (38) .
Gel filtration. The apparent protein mass of FkpA-His 6 was estimated using gel filtration. A Superdex 200 Increase 10/300 GL column coupled to an Äkta Pure 25 system (GE Healthcare, Freiburg, Germany) was calibrated with known protein standards by using the running conditions described below. For the determination of the apparent molecular mass of FkpA-His 6 (expected monomeric mass, 13.7 kDa), the elution fractions after Ni-NTA purification were used. An 0.5-ml volume of the elution fraction with the highest protein concentration was injected into the column preequilibrated with 2 column volumes of buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0). The run was performed in the same buffer (0.4 ml/min, room temperature [RT] ). The collected fractions were analyzed by SDS-PAGE. The apparent molecular mass of FkpA-His 6 was calculated by comparison of its elution profile with that of standards with known masses.
PPIase activity assay. Kinetic properties of purified FkpA were determined in a chymotrypsin-coupled PPIase assay (39) with the synthetic peptides Suc-Ala-Leu-Pro-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA as the substrates (Bachem, Bubendorf, Switzerland). The assay mixture contained final concentrations of 42.5 mM HEPES buffer (pH 7.5) and 85 mM NaCl, 50 g ␣-chymotrypsin (dissolved in 1 mM HCl) (Fluka, Germany), a varying concentration (50 to 500 M) of synthetic peptide (5 mM stock in trifluoroethanol containing 0.4 M LiCl), and about 60 nM purified FkpA. The catalytic activity of a PPIase increases the velocity of the cis/trans isomerization of the X-Pro bond. The trans isomer-specific cleavage by chymotrypsin at the phenylalanine leads to the formation of the colored product 4-nitroaniline. The formation of 4-nitroaniline was monitored at 390 nm and 4°C using an Ultrospec 3000 spectrophotometer (GE Healthcare, Freiburg, Germany). The extinction coefficient used was 13,300 M Ϫ1 cm Ϫ1 . To test the inhibition by FK-506 (Sigma-Aldrich, Taufkirchen, Germany), 500 nM inhibitor was used in the assay.
Citrate synthase assay. In order to measure specific CS activity in crude protein extract, C. glutamicum strains were cultivated in CGXII minimal medium with 4% (wt/vol) glucose up to an OD 600 of 5 in the exponential growth phase and harvested. Extracts were prepared as reported previously (40) . The CS activity was assayed photometrically in buffer (50 mM Tris, 200 mM potassium glutamate, pH 7.5) containing 0.1 mM 5,5=-dithiobis-(2-nitrobenzoic acid), 0.2 mM oxaloacetate, and 0.15 mM acetyl coenzyme A (acetyl-CoA). The protein concentrations of crude protein extracts and purified CS were adjusted to result in an extinction increase of 0.05 to 0.1 min Ϫ1 at 412 nm at given temperatures. The resulting slope was stable for at least 5 min. The extinction coefficient used was 14,150 M Ϫ1 cm Ϫ1 . The protein concentration was determined after precipitation as described previously (41) .
NAD-dependent LDH assay. L-Lactate dehydrogenase (LDH) activities in crude protein extracts were assayed photometrically at 30°C using 20 mM MOPS (pH 7), 0.2 mM NADH, and 30 mM pyruvate. The absorbance change at 340 nm was monitored at 30°C (42) . The resulting slope was stable for at least 5 min. The extinction coefficient used was 6,220 M Ϫ1 cm Ϫ1 . The protein concentration was determined after precipitation as described previously (41) .
Thermal aggregation assay. Purified FkpA was tested as described previously (43) . Thermal denaturation of purified CS (2 M final concentration) was achieved by incubation in 50 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl at temperatures ranging from 37°C to 42°C for 15 to 40 min in the absence or presence of FkpA or lysozyme as a control. The aggregation of CS was measured by monitoring the increase of tur- GCGCGCTAGCTTAGCGCTCCTCGCGAGGAACCAAC, NheI pAN6-gltA bidity at 360 nm using an Ultrospec 3000 spectrophotometer (GE Healthcare, Freiburg, Germany) equipped with a tempered 6-cuvette holder. A CS concentration was chosen to yield an OD 360 within the linear range of the photometer. The time-dependent absorbance change recorded is due to the increase in light scattering upon aggregation of CS. The inhibitor FK-506 was added to the assay at a concentration equimolar to 20 M FkpA. In addition, lysozyme (Sigma-Aldrich, Taufkirchen, Germany) with a molecular weight similar to that of FkpA was used as a control. DNA microarray analysis. C. glutamicum JVO1 and the fkpA deletion strain were precultured in CGXII medium as described above for the enzyme activity assays. The main culture on CGXII medium (35°C) was inoculated to an OD 600 of 0.5 and harvested at an OD 600 of 5 to 7 in the exponential growth phase. Total RNA and fluorescently labeled cDNA were prepared as described previously (38) . Custom-made DNA microarrays for C. glutamicum ATCC 13032 printed with 70mer oligonucleotides were obtained from Operon (Cologne, Germany). Hybridization, stringent washing, and scanning of the microarrays as well as data analysis were performed as described previously (44) . Two biological replicates were performed to compare the RNA levels of the ⌬fkpA and reference strains. Each data set represents an intra-array duplicate measurement. To filter for differentially expressed genes and reliable signal detection, the following quality filter was applied: (i) flags, Ն0 (GenePix Pro 6.0), (ii) signal/ noise ratio, Ն5 for Cy5 (F635Median/B635Median, GenePix Pro 6.0) or Cy3 (F532Median/B532Median, GenePix Pro 6.0), (iii) Ն2-fold change on average in the comparison of JVO1 ⌬fkpA to JVO1. P values were calculated by Student's t test.
Microarray data accession number. The array data are publicly available in the GEO database under series entry GSE65294.
RESULTS
FKBP-type single-domain PPIase in C. glutamicum. In the genome of C. glutamicum ATCC 13032, three genes are annotated to encode a PPIase (32) . Two of them are predicted as cyclophilins, namely, cytosolic PpiA (Cg0048) and membrane-bound PpiB (Cg1857) (33) . A third PPIase (FkpA, Cg0950) is annotated as a cytosolic FKBP-type PPIase (32, 45) . In C. glutamicum, the encoding gene fkpA is located 124 bp downstream of gltA (cg0949), which encodes citrate synthase (CS). The gltA-fkpA gene cluster is conserved among representative species of the order Actinomycetales (Fig. 1) . This list includes highly pathogenic representatives such as Corynebacterium diphtheriae and Mycobacterium smegmatis, whereas other pathogenic mycobacterial species lack this genetic organization. fkpA and gltA have been shown to be transcribed as monocistronic mRNAs in C. glutamicum (40) . Furthermore, expression of fkpA appears to be rather constitutive, as it could not be identified as significantly regulated upon heat shock (9, 11) or under about 300 other experimental conditions comprising genetically modified strains and different growth conditions collected in our in-house microarray database (46) . The constitutive expression and the conserved syntenic arrangement of gltA-fkpA may indicate an important general role of FkpA and possibly also a physiological link between CS and FkpA. That prompted us to study the activities of FkpA and its influence on CS and on growth of C. glutamicum, a workhorse in industrial biotechnology. Interestingly, citrate synthases are relatively heat labile, commercially available, and quite commonly used as test substrates in in vitro protein aggregation assays of chaperones and PPIases.
The annotated protein sequence of FkpA comprises 118 amino acids (aa). This is relatively short in view of the length distribution of 1,539 reviewed "peptidyl-prolyl cis/trans isomerase" (database search text) proteins currently listed in the UniProt database (www.uniprot.org) and the fact that most of the PPIases are multidomain proteins. Protein sequence analysis revealed only a sin- serC (phosphoserine aminotransferase), accDA or accD3 (␤-subunit of acyl-CoA carboxylase), dkgB (2,5-diketo D-gluconate reductase), phrA (desoxyribodipyrimidine photolyase), and pdxH (pyridoxamine 5=-phosphate oxidase). Genes represented by numbers encode the following homologous proteins: TetRtype transcriptional regulator (labeled 1), putative MFS family transporter (2), putative aldose epimerase (3), ABC transporter permease (4), ArsR family regulator (5), iron ABC transport system subunit (6), histidine kinase (7). Nonlabeled light-gray arrows represent genes encoding hypothetical proteins.
gle domain in FkpA from C. glutamicum from positions 29 to 116. This domain belongs to the superfamily FKBP_C (NCBI Conserved Domain Database accession no. cl19519) and shows about 60% similarity to the FKBP_C domain of FkpA from E. coli, which is a 270-aa protein consisting of two superfamily domains, FK-BP_C and FKBP_N. The closest homolog with a crystal structure available appears to be BpML1 from Burkholderia pseudomallei, with 60% similarity to FkpA from C. glutamicum ( Fig. 2A) and exhibiting a classical FKBP fold as well as high PPIase activity (47) . The two amino acids that provide the only sources of hydrogen bond donors and acceptors in the BpML1 active site, i.e., Asp 44 and Tyr 89 , are also conserved in FkpA from C. glutamicum (Asp   52 and Tyr 95 ) ( Fig. 2A) . Sequence alignment to the FKBP_PPIASE consensus sequence obtained from Prosite (entry PS50059) revealed 48% similarity with FkpA from C. glutamicum, with the first 32 aa in the N-terminal part of the protein not being part of this consensus or another domain (Fig. 2B ). For FkpA from E. coli, this N-terminal part is much larger, comprises amino acids 15 to 114, and has been shown to be involved in dimerization (48) . To check whether FkpA from C. glutamicum can also form dimers, we purified FkpA-His 6 from E. coli BL21(DE3)/pET22b-fkpA and performed gel filtration. In this experiment, we found that almost all of the purified protein eluted with an apparent mass of 27.3 kDa (calculated monomeric mass, 13.7 kDa), indicating dimerization under the nondenaturing condition (see Fig. S1 in the supplemental material).
The FKBP domain of FkpA from C. glutamicum is quite similar to that of the PPIases FKBP35 from Plasmodium falciparum and FKBP12 from humans and bovines (data not shown). A truncated version of FKBP35 comprising only the FKBP domain also inhibited the thermal aggregation of CS, which is partly suppressed by FK-506 (49). FKBP12 from bovines has been shown to prevent insulin aggregation in vitro (50) . Therefore, for FkpA from C. glutamicum, one may also expect prevention of protein aggregation as well as PPIase activity. In the following, we first tested both activities in vitro and then analyzed the influence of FkpA on growth and global gene expression.
Kinetic parameters of FkpA from C. glutamicum. To determine kinetic parameters of the PPIase activity, a tagged FkpA protein was used. The C-terminally His 6 -tagged FkpA version yielded almost identical results in the PPIase and aggregation assays as the Strep-tagged variant yet showed more impurities in SDS-PAGE (data not shown). Therefore, C-terminally Strep-tagged FkpA was used and isolated from E. coli BL21(DE3)/pAN6-fkpA crude protein extract (see Fig. S2A in the supplemental material) .
To functionally characterize the activity of FkpA as a PPIase, we determined its kinetic properties by using a chymotrypsin coupled enzyme assay (39) with the artificial peptide substrates Suc-Ala-Ala-Pro-Phe-pNA and Suc-Ala-Leu-Pro-Phe-pNA. We found that the PPIase activity of FkpA follows Michaelis-Menten kinetics (Fig. 3) . For the substrate Suc-Ala-Ala-Pro-Phe-pNA, nonlinear data regression yielded the best-fit values of 242 Ϯ 5 U/mg for V max and 104 Ϯ 17 M for K m . For the substrate SucAla-Leu-Pro-Phe-pNA, we obtained a range reported for other PPIases (39, 51, 52) . In the presence of 0.5 M FK-506, the PPIase activity was almost fully inhibited (Fig.  3) . From our data, we conclude that FkpA from C. glutamicum indeed has PPIase activity and is an FKBP-type PPIase.
FkpA retards thermal aggregation of citrate synthase. CS enzymes tend to aggregate in vitro even at moderate temperatures, in particular at 40°C to 42°C for many mammalian CS enzymes. This makes CS an ideal test substrate for enzymes with chaperone activity. Analysis of the retardation and partial inhibition of CS aggregation at temperatures of interest had become a standard assay by using commercially available CS enzymes to check and investigate the chaperone activity of PPIases of prokaryotic and eukaryotic origin (53) (54) (55) . In contrast to FkpA from C. glutamicum, most PPIases are multidomain proteins with a PPIase and a chaperone domain. Solely in two cases, chaperone activity for a single-domain PPIase has been reported (56, 57) . To test whether singledomain FkpA from C. glutamicum also prevents aggregation of CS in vitro, assays were performed with CS from C. glutamicum isolated as a tagged version after production in E. coli (see Fig. S2B in the supplemental material).
The in vitro assay mixtures were preincubated for 10 min at 35°C prior to assay start at higher temperatures. The thermal aggregation of CS was monitored at temperatures from 37°C to 43°C in different setups (Fig. 4A to D) . Aggregation of CS alone could not be observed for a period of 1 h at temperatures below 35°C. At 37°C, the addition of a 5-fold molar excess of FkpA (10 M) to 2 M CS clearly delayed aggregation, compared to that with 2 M CS in the absence of FkpA (Fig. 4A) . The addition of a 10-fold excess of FkpA (20 M) retards the apparent aggregation velocity by about 3-fold and decreases the overall amount of CS aggregates by about 25%. At further increased temperatures (39°C, 41°C, and 43°C), the same trends were observed, yet retardation of CS aggregation by FkpA steadily decreased (Fig. 4B to D) . The addition of 20 M FK-506 to 20 M FkpA completely inhibited the observed chaperone activity, and 2 M CS aggregated as in the absence of FkpA at all temperatures (Fig. 4) . The following assays were performed as controls (data not shown): Aggregation of FkpA or lysozyme alone could not be observed at temperatures of 45°C and below for a period of 1 h. The presence of 20 M lysozyme did not alter the observed aggregation of 2 M CS. The presence of 20 M FK-506 in the absence of FkpA also did not alter the observed aggregation of 2 M CS. In summary, these results clearly show the specific effect of FkpA to delay aggregation of CS in vitro. As FK-506 inhibits this effect, the observed prevention of aggregation requires at least the free active site of the FKBP domain, which was also reported for other PPIases, including FkpA from E. coli (53) .
FkpA broadens the temperature range of CS activity in vitro. In order to investigate whether FkpA activity also has an influence on the specific CS activity from C. glutamicum in vitro, we measured the activities of isolated CS in the presence of FkpA at different temperatures. CS activity was determined under substratesaturating conditions (45) . The isolated CS (Fig. S2B) showed the highest specific activity at 30°C (124 U/mg), which is in the range reported before (45, 58) . In the presence of an equimolar concentration of FkpA (20 nM), CS activity was not affected (data not shown). The addition of a 20-fold molar excess of FkpA had only a slight positive effect on CS activity between 25°C and 36°C but increased CS activities by 30% and 60% at 20°C and 40°C, respectively (Fig. 5) . At 10°C, only very low specific CS activity could be detected in the absence of FkpA (0.11 U/mg), although the CS concentration was increased 10-fold for the determination. However, in the presence of a 20-fold molar excess of FkpA, CS activity of 15 U/mg, representing a Ͼ100-fold increase at 10°C, was found (Fig. 5) . A 100-fold molar excess of FkpA increased the CS activities at any temperature tested (Fig. 5) . Between 25°C and 36°C, the CS activity was found to be increased by 40% to 50%. At 40°C, the CS activity was increased by 120% and at 20°C by 80%, compared to its activity in the absence of FkpA. It must be taken into account that the concentration of CS as the substrate of FkpA is very low in the assay (20 nM). Additionally, the increased activities at 40°C in the presence of FkpA may be partly due to the delayed aggregation and increased stability of CS (Fig. 4) , although the CS activity remained stable for at least 2 min. The addition of lysozyme as a control in an equimolar amount or at a 20-or 100-fold molar excess had no significant positive influence on the CS activity within 20°C to 40°C (Fig. 5) . We also tested whether CS was affected by FkpA in the pH range from 6 to 8, yet we did not observe an influence (data not shown). Taking all these data together, we conclude that FkpA broadens the temperature range of CS, which may be of relevance for C. glutamicum when growing at nonoptimal temperatures. It must be noted that the 100-fold or 20-fold molar excesses of FkpA, relative to CS, necessary to reveal this effect in vitro may not reflect the situation in vivo. However, we also investigated the influence of FkpA on CS in vivo and on the growth of C. glutamicum by deletion and plasmid-based overexpression.
FkpA improves biomass yield in defined mineral medium. Reduced specific CS activities are linked to the production of Llysine as well as to cell growth (59) . To assay for in vivo effects of FkpA and a possible physiological connection between CS and PPIase FkpA, we deleted fkpA in JVO1, a lysine-producing C. glutamicum DM1800 derivative (59) . In this strain, the two methylcitrate synthase genes prpC1 and prpC2 are also deleted to avoid the known interferences with CS activity (58) . The resulting strain was named C. glutamicum JVO1 ⌬fkpA.
At 30°C in CGXII medium with 4% glucose as the sole carbon and energy source, the growth rate of JVO1 ⌬fkpA was reduced by about 15% compared to that of parental strain JVO1 (Fig. 6A) . The final biomass was somewhat reduced, by about 10% as indicated by the OD 600 (Fig. 6B) . Comparison of the cell morphologies by microscopy showed no obvious differences between the strains (data not shown). Since the effect of FkpA on CS activity in vitro was most pronounced above 36°C and below 25°C, we also tested growth under such nonoptimal temperatures. At 25°C and 37°C, both strains showed about 20% to 30% lower absolute growth rates and similar relative differences as at 30°C (Fig. 6A) . While the final biomasses of the two strains were similar at 25°C and at 30°C and that of the reference strain was somewhat lower at 37°C, the fkpA deletion strain showed a strong phenotype at 37°C. The final biomass of JVO1 ⌬fkpA was lower by about 50% than that of the reference (Fig. 6B) . Plasmid-based expression of FkpA in JVO1 ⌬fkpA/pAN6-fkpA complemented the chromosomal deletion of fkpA and successfully restored the phenotype of the reference strain, showing the specificity of this FkpA effect in C. glutamicum at 37°C (Fig. 6B) . Thus, above optimal growth temperatures, FkpA markedly improves the biomass yield of C. glutamicum grown in a defined mineral medium with glucose as the sole carbon and energy source.
In order to gather information on the influence of FkpA on CS in vivo, we determined the specific CS activities in crude protein extract from JVO1 and JVO1 ⌬fkpA ( Table 3) . Deletion of fkpA led to about 41% and 38% decreased CS activity in JVO1 ⌬fkpA at 30°C and 35°C compared to the CS activity of the reference. Previous results had shown that reduction of specific CS activity by up to 70% of the wild-type CS activity had scarcely any influence on growth or L-lysine yield (59) . Thus, it was not surprising that both strains still yielded similar L-lysine titers in the culture supernatant (25 mM) (Fig. 6C) . However, JVO1 ⌬fkpA notably accumulated up to 22 mM 2-oxoglutarate and 7 mM L-glutamate in the supernatant (Fig. 6C) . Expression of fkpA in trans from pAN6-fkpA restored the specific CS activities in JVO1 ⌬fkpA/pAN6-fkpA to the reference level at both temperatures. In contrast, in JVO1/ pAN6-fkpA, which also expresses fkpA from the chromosome, additional plasmid-based expression reduced the specific CS activity at 35°C by about 30%, while it was not reduced at 30°C.
To check if the reduced CS activity and biomass yield of JVO1 ⌬fkpA at 37°C could also be restored by the overproduction of CS, we transformed JVO1 ⌬fkpA by using plasmid pAN6-gltA encoding CS. In JVO1 ⌬fkpA/pAN6-gltA, the specific CS activity was highly increased (3.21 U/mg) as expected but did not influence the reduced final biomass yield of JVO1 ⌬fkpA (data not shown). Taking all these data together, it must be concluded that proteins other than CS are affected by the absence of FkpA, which led to the reduced biomass yield. In this view, the absence of FkpA may also affect global gene expression. Thus, we consequently used DNA microarray analysis to reveal differential mRNA levels on a global scale and to check for a correlation of the gltA mRNA level with the reduced CS activity mentioned above.
Differentially expressed genes at 35°C in the absence of FkpA. Deletion of fkpA markedly reduced the final biomass yield at increased temperature above 30°C (Fig. 6B) . To assess the consequences of fkpA deletion on global gene expression, including that of gltA at elevated temperatures, comparative DNA microarray analysis was carried out. Here we compared the transcriptomes of JVO1 ⌬fkpA and JVO1 when cells were grown at 35°C. That is somewhat above the growth optimum of C. glutamicum (30 to 33°C), represents some heat stress, and is relevant for industrial applications, and no thermal aggregation of CS was observed in vitro for a period of 1 h. For similar conditions, cells of both strains were harvested at the exponential phase at an OD 600 of 5 to 7 to minimize secondary effects due to different growth levels (final biomass yield).
The relative gltA mRNA level was reduced about 37% in the fkpA deletion strain when grown at 35°C (JVO1 ⌬fkpA/JVO1 ratio ϭ 0.63 Ϯ 0.01; P ϭ 0.004). This result perfectly correlates with the 38% reduced specific CS activity when the strains were grown at 35°C (Table 3) . Overall, 34 genes exhibited Ն2-fold increased mRNA levels and 35 genes exhibited Յ0.5-fold decreased mRNA levels in JVO1 ⌬fkpA (Table 4) . Of these, about half (32 genes) encode hypothetical/putative proteins. ldhA encoding L-lactate dehydrogenase exhibited by far the strongest increased mRNA level (8.5-fold) in the absence of FkpA (Table 4) . Determination of the respective specific LdhA activities revealed about 2-fold increased activity in JVO1 ⌬fkpA (0.73 Ϯ 0.05 U/mg) compared to the reference JVO1 (0.41 Ϯ 0.02 U/mg). Notably, the two short gene lists include four genes encoding transcriptional regulators exhibiting increased mRNA levels (farR, lexA, divS, znr) and two exhibiting decreased mRNA levels (ramB, mmpLR) in the absence of FkpA under the conditions tested. However, almost none of the known and documented target genes are present in this list of differentially expressed genes and their relative mRNA levels were mostly almost unchanged (Յ1.5-fold; see GEO series entry GSE65294). Only cysK was increased (2.05-fold), and it is repressed by RamB, whose mRNA level was decreased (0.27-fold) ( Table 4 ). In contrast, the mRNA level of RamB-repressed ald was decreased (0.31-fold), not increased.
In view of the lowered biomass yield, the list of genes with increased mRNA levels in the ⌬fkpA strain notably comprises lexA, encoding the key transcriptional regulator of the SOS repair pathway, and divS, encoding the suppressor of cell division. The SOS regulon is involved in various cellular processes, including the inhibition of cell division, which may explain the growth defect of C. glutamicum at increased temperature when FkpA is absent. To check whether the SOS response is induced at increased temperature during growth, we tested five different E2-crimson fluorescence reporter constructs where e2-crimson is under the control of an SOS-dependent promoter, namely, P lexA , P divS , P recN , P dnaE2 , and P recA (60) . The plasmids were tested in both strains JVO1 and JVO1 ⌬fkpA. Growth and reporter fluorescence of the strains were monitored throughout growth in a BioLector system. However, the specific reporter fluorescence (E2-crimson/biomass) of the constructs was not increased in JVO1 ⌬fkpA compared to that in the reference JVO1 (see Fig. S3 in the supplemental material). In the BioLector system, the JVO1 ⌬fkpA strains showed about 20% to 30% lower biomass yields, based on the final backscatter values, than the JVO1 control strains (see Fig. S3 ).
DISCUSSION
The conserved syntenic gene organization of gltA, encoding citrate synthase (CS), and fkpA, annotated as an FKBP-type peptidylprolyl cis/trans isomerase (PPIase), prompted us to study the activity of predicted FkpA and its influence on CS and growth of C. glutamicum, a workhorse in industrial biotechnology. Our results show that the predicted FkpA from C. glutamicum indeed has PPIase activity and also prevents thermal aggregation of CS in vitro. Furthermore, FkpA improves growth at higher temperature, yet it remains to be studied whether the PPIase or the chaperone or both activities are required. Gel filtration indicated that FkpA forms dimers. By sequence analysis, FkpA from C. glutamicum is a single-domain protein having only 32 aa N-terminally to the FKBP_C domain. In contrast, for example, FkpA from E. coli exhibits a much larger N-terminal part comprising amino acids 15 to 114. This part has been shown to be involved in dimerization (48) . The N-domain consists of three helices intimately interlaced with the N-domain helices of the second subunit, providing all the interchain contacts that maintain E. coli FkpA in the dimeric form. Whether the short N-terminal part of FkpA from C. glutamicum is involved in or sufficient to allow the dimerization requires further analysis.
FkpA delayed aggregation of CS in vitro at temperatures which are sublethal for C. glutamicum (37°C to 41°C) (Fig. 4) . Since this effect was fully inhibited in the presence of FK-506, one might speculate that a concerted action of PPIase and chaperoning is observed. Thus, active-site mutants are required to reveal whether the PPIase activity also contributes to the observed prevention of thermal aggregation. Chaperone activity has been reported only for two other microbial single-domain PPIases, cyclophilin LdCyP from Leishmania donovani and FKBP AvfkbX from Azotobacter vinelandii (56, 57) . Different chimeric PPIases with additional chaperone domains have been shown to be very efficient and fast in protein refolding, which may be interesting for various applications (61, 62 We also found that FkpA positively influences the activity of CS in vitro, in particular at lower temperatures (Fig. 5) . To our knowledge, such an effect has not been reported for any FKBP so far. At 10°C, a 20-fold molar excess of FkpA increased the specific CS activity about 140-fold, from 0.11 U/mg to 15 U/mg. For the psychrophilic bacterium DS2-3R, 6 U/mg CS activity at 6°C was reported (64) . In this view, the strong increase of CS activity at 10°C may reflect the physiological relevance of FkpA for enzyme activities at lower temperatures in the soil habitat. It is worth noting that it has been shown that aggregation of adenosine kinase (AdK) at high concentrations led to the inactivation of AdK in in vitro assays. The presence of LdCyP from L. donovani prevented AdK aggregation and led to an apparent increase in specific enzyme activity (56) . For CS, we could not observe aggregation or a timedependent decrease of CS activity over a period of 5 h in the in vitro assays at 10°C (data not shown). We also excluded the possibility that a reactivation of inactive CS could be the reason for the apparent increase in specific enzyme activity by increasing the incubation time with FkpA prior to CS activity measurements. Thus, the strong positive effect of FkpA on CS activity at 10°C is likely attributed to the PPIase activity that may stimulate the conformational change between the opened and closed forms of CS (65) . However, again an excess of FkpA relative to CS is required to reveal the effect in vitro that may not reflect the situation of the FkpA/CS ratio in vivo. Further studies could focus on FkpA activesite mutants to test the influence of the PPIase activity and the stimulation of enzyme activities in general, in particular at lower temperatures.
Deletion of fkpA showed that FkpA is dispensable in C. glutamicum, yet its absence strongly affects CS activity in vivo (Table  3) as well as growth in defined mineral medium at increased temperatures. At 35°C, the 37% decreased gltA mRNA level in the ⌬fkpA mutant perfectly correlates with the 38% reduced specific CS activity compared to the reference (Table 3) . Thus, the decreased CS activity in vivo at 35°C is rather due to an indirect FkpA effect resulting in reduced expression of gltA in the absence of FkpA. Interestingly, plasmid-based expression of fkpA complemented the specific CS activity in the ⌬fkpA mutant yet decreased the specific CS activity in the reference background JVO1. An explanation for these contrary findings might be that the gltA gene expression or the gltA mRNA level is differentially affected by plasmid-based expression of fkpA in JVO1 and in JVO1 ⌬fkpA at 35°C. To clarify this, further studies are required.
The impact on CS activity was too low to increase the L-lysine accumulation, for which at least a 70% reduction of CS activity is required (59) . Instead, the ⌬fkpA mutant accumulated significant amounts of 2-oxoglutarate and L-glutamate. This also suggests that in vivo, FkpA affects other targets and may be exploited for product formation. The relevant FkpA targets may exhibit altered activities resulting in altered metabolite levels in the absence of FkpA. Furthermore, it can be expected that altered intracellular metabolite pools provoke gene expression changes which may also affect gltA expression, as found in our transcriptome analysis. When grown above the growth optimum at 37°C, the ⌬fkpA mutant showed about 50% reduced biomass yield in defined mineral medium, which may also suggest that FkpA has several targets. The microarray analysis revealed 69 genes which are more than 2-fold differentially expressed in the ⌬fkpA mutant under the conditions tested (Table 4) . From this list, it is not obvious if and which gene expression changes may limit the biomass yield of the ⌬fkpA mutant. We speculated that increased levels of lexA, encoding the key transcriptional regulator of the SOS repair pathway, and divS, encoding the suppressor of cell division, may indicate an early stage in the onset of transcriptional responses in the absence of FkpA at the time point tested. The SOS regulon is involved in various cellular processes, including the inhibition of cell division by DivS to give the cells time to repair damaged DNA (66) . However, the SOS reporter constructs showed no increased activities of SOS-box promoters in the ⌬fkpA mutant, making it unlikely that an SOS response causes the reduced biomass yield. Instead, the microarray data may give insight into the FkpA-dependent transcriptome in a stage of equilibrium indicating that at the RNA and/or protein level, other mechanisms interfere. For example, transcript levels of lexA and divS are increased, although LexA is a repressor of both and no increased SOS response could be detected throughout growth. This may reflect mechanisms that interfere with RNA stability and translation. Interestingly, deletion of the PPIase PpiB and ribosome-associated trigger factor Tig (TF) led to a severe growth defect in B. subtilis under starvation conditions (24) . TFs have been discussed as playing a role in folding of nascent peptide chains and as an assembly factor for large protein complexes and ribosomes (25, 26) . Whether FkpA may influence the stability or activity of PpiB and/or TF in C. glutamicum is currently unknown and should be tested. Our microarray data do not indicate a general folding stress response in the exponential phase at 35°C. However, at 25°C and 37°C, the growth rates of the mutant are similar and somewhat reduced compared to those of the wild type, but the biomass yield is drastically reduced only at 37°C. Thus, the outcome of FkpA-dependent effects appears to be most pronounced in the late exponential phase or during the onset of the stationary phase, which may reduce the number of candidate FkpA targets to be tested. The specificity of this growth defect of the ⌬fkpA mutant was demonstrated by the plasmid-based production of FkpA, which successfully redressed the defect yet had no additional positive effect on the biomass yield at 37°C, indicating that another factor becomes growth limiting.
